Abstract: Size, age, and spatial structures were studied in a mixed, multilayered forest located in the Upper Susa Valley in Piedmont, Italy, using complete stem mapping, dendrochronology, and spatial analysis on a 1-ha permanent plot. All trees with a diameter >4 cm at 50 cm height (991) and stumps (322) were mapped, measured, and cored. The 639 cross-dated samples were used to reconstruct the disturbance history, and dendroecological results were then compared with information on forest and land use from documentary archives. The stand has undergone substantial shifts in forest structure and species composition over the last 200 years, from an open structure with larch (Larix decidua Mill.), Swiss mountain pine (Pinus uncinata L.), Norway spruce (Picea abies (L.) Karst.), and scattered regeneration to a dense multilayered structure with silver fir (Abies alba Mill.) and Norway spruce with dense regeneration. Shifts in dominance and structure were found to be consistent with land-use changes rather than with disturbance history. These results confirm the importance of multiple sources of independent data to characterize the disturbances that have affected the origin and development of stands heavily impacted by humans. Knowledge of stand history and understanding of potential ecological transformations are essential for the correct application of close-to-nature silvicultural practices. Cette étude confirme l'intérêt de la diversité des sources de données indépendantes pour caractériser les perturbations qui ont affecté les peuplements forestiers, notamment l'impact de l'activité humaine et les changements d'utilisation du sol qui en résultent. La connaissance de l'histoire des peuplements et la compréhension des transformations écologiques potentielles sont indispensables pour appliquer correctement une silviculture proche de la nature.
Introduction
Human land use has been an important driving force in shaping the landscape in the European Alps, and any understanding of the present vegetation in this region requires careful study of the impact and ongoing effects of human activities. Forests have traditionally been exploited in multiple ways to maximize economic and social benefits: timber production has been combined with other functions such as protection (Motta and Haudemand 2001) and, most importantly, grazable forest land. Timber production and grazeable forestland have existed side by side for centuries, and only in recent decades have grazing areas been separated from forests where grazing is forbidden .
In recent years, socioeconomic organization in the valleys and public attitudes towards the forest and forestry have changed dramatically, and the goals of forest management now extend far beyond those of the past to embrace the demand for new ecological and recreational functions (Dotta and Motta 2000) .
At the same time, the need for a close-to-nature silviculture has arisen, with the aim of developing forest stands that are comparable to natural ones in so far as structure, composition, and regeneration processes are concerned (Wolinsky 1988; Çolak et al. 2003) In fact in the definition close-to-nature silviculture are included several silvicultural systems, ranging from single tree selection to the irregular shelterwood system (Leibundgut 1946) , which all have the aim of natural regeneration and a multilayered, uneven-aged structure. By the 1950s, various forms of close-to-nature silviculture had been implemented in mountain regions in Switzerland, France, Germany, Italy, and Slovenia (e.g., Mlinsek 1972; Susmel 1980; Schütz 1996) .
To choose the optimum silvicultural practices for any single site (Kohm and Franklin 1997) , it is necessary to gain a better understanding of the regeneration processes governing the site (e.g., Piussi 1986; Brang 1998 ) and of present forest dynamics as well as a detailed comprehension of how past land use in the area has affected present-day structure, composition, and processes (Kipfmueller and Swetnam 2001) . Unfortunately, the role of historical events and human land use is usually not well documented, even if it may be fundamental to our interpretation of basic ecological attributes and processes in the present as well as to management considerations (Foster 1993; Swetnam et al. 1999; Farrell et al. 2000) .
In this broad perspective, dendroecology has proven to be a particularly solid approach for understanding the origin and past dynamics of forest stand regimes, both in old-growth forests (e.g., Abrams et al. 1997; Parish et al. 1999; Winter et al. 2002) and in those that have undergone heavy anthropogenic disturbances (e.g., Foster et al. 1992; Abrams et al. 1995; McLachlan et al. 2000; Motta et al. 2002) . In turn, however, biological archives do not provide a sufficiently accurate reconstruction of the history of forest populations whose regeneration, establishment, and mortality processes are not controlled by natural factors but mainly by human actions. In these cases, it is necessary to look to historical records and other independent sources of data as well (Bürgi 1999) .
As a consequence, the present study integrated dendroecology and land-use history to investigate the origin, establishment, disturbances, and development in space and time of a mixed, multilayered forest stand located in the upper mountain belt in the Susa Valley (Piedmont, Italy). This type of structure is rare in the Western Italian Alps, as in the past humans have tended to favour one species over the others, and thus monolayered, monospecific stands over multilayered, mixed stands, but it does represent the present silvicultural target for most of the forest types.
The overall aims of the present study were (i) to describe the stand structure (tree species, size, age, spatial patterns; (ii) to analyze the disturbance history and variations in composition and structure over the last two centuries; (iii) to describe and discuss the roles of human activities and natural disturbances in the forest dynamic; and (iv) to asses the value and potential role of stand history in present and future sustainable forest management.
In addition, the study plot was established as a long-term monitoring plot within a managed forest. Data collected over long periods of time are necessary to test the outcome of forest management practices. Data from such areas, along with those from forest reserves where silvicultural activities are banned, can be usefully exploited for forest dynamic research and used as a reference point for forest management (Motta and Garbarino 2003) .
Material and methods

The study area
The study plot is located in the Teppas forest (45°04′62′′N; 6°67′60′′E; 1720 m a.s.l.) in the municipality of Bardonecchia near the border between Italy and France in the Upper Susa Valley. The stand is on a gentle (22°) NNW-facing slope, at approximately 500 m below the treeline.
Rainfall is 778 mm/year , and the average annual temperature is 5. 5°C (1951-1990) at Bardonecchia (1260 m a.s.l.), about 5 km away from the study site. The bedrock is calcschists, and the soils are deep and well drained.
The forest is multilayered and mixed with silver fir (Abies alba Mill.), Norway spruce (Picea abies (L.) Karst.), Swiss mountain pine (Pinus uncinata Mill.), and larch (Larix decidua Mill.), classified as the forest type "Abies alba with Picea abies of the internal Alps" (Istituto per le Piante da Legno e l'Ambiente 1997). Swiss mountain pine and larch are lightdemanding species typical of the early seral stages (though both are long-lived species that can also be found in the dominant layer in mid-to later seral stages), while silver fir and Norway spruce are shade-tolerant species typical of the mid-to later seral stages.
The understorey is characterized by species belonging to the Vaccinio-Piceetalia (Vaccinium myrtillus, Melampiyrun sylvaticum, Saxifraga cuneifolia), Fagetalia (Prenanthes purpurea, Luzula nivea, Veronica urticifolia), and Adenostyletalia (Phyteuma ovatum, Rosa pendulina, Chaerophyllum hirsutum) classes.
Study site selection
The stand was selected in collaboration with the local forest managers and after intensive reconnaissance, because it appeared representative of the structural silvicultural target for most of the presently even-aged and monolayered forest stands of the Upper Susa Valley mountain belt.
We chose to conduct the study in a 1-ha area of forest using an intensive sampling regime so as to reduce subjectivity, especially as regards structural diversification (Kitzberger et al. 2000) ; and so as to capture the spatial dimension of the processes and of the events observed (Payette et al. 1990; Daniels and Klinka 1996; Antos and Parish 2002; Motta et al. 2002) . In addition, we opted to study all of the size and age-classes existing in the forest stand to avoid biases resulting from a choice that gives preference to only certain size classes or certain specimens of different class sizes (Cherubini et al. 1998) .
Permanent plot
In 1997, we established a square plot of 100 m × 100 m for intensive sampling within a fairly uniform area inside the management unit, which has a total surface of 17.9 ha. Inside the plot, live and dead standing individuals with a diameter >4 cm at 50 cm above ground, along with stems, logs, and stumps, were identified, labelled with numbered plastic tags, and mapped. All of the trees, stumps, and logs in the plot were assigned three coordinates using a total station: two Cartesian coordinates to determine position and one coordinate for relative elevation with respect to origin. Two perpendicular diameters were measured for each tree at 50 cm height and at breast height (dbh), and, when possible, for each stump at the surface of the cut. The saplings (height >10 cm and diameter <4 cm at 50 cm above ground) were counted and examinated for browsing damage in a 50 m × 50 m subplot randomly selected inside the plot (Gill 1992) . Plot coordinates were determined by means of a global positioning system (GPS), and all data were stored in a geographic information system (GIS).
Increment cores
The pattern of growth increments in tree rings are an important source of information in the reconstruction of stand history. We took two different sets of samples: one set at dbh from a limited number of individuals to construct the stand chronology and another at 50 cm from all trees in the plot for the definition of age structure and the analysis of growth patterns.
Although the reliability of samples taken at 50 cm is limited somewhat by irregular growth in the circumference in the lower part of the trunk, they have the advantage of giving more accurate data on the age of the tree (Schweingruber 1996) .
Site chronologies
One or two cores at breast height (the first upslope and the others at 90°-120°from this) were taken from 20 dominant silver fir and 22 dominant Norway spruce individuals to build a site chronology for each species. All cores were prepared according to standard procedures (Schweingruber 1988) , and ring widths were measured to the nearest 0.01 mm. Ring width series were checked, corrected, and dated using TSAP (Rinn 1996) and COFECHA (Holmes 1983) . The series were indexed using a detrending filter with a 10-year window (Guiot and Goeury 1996) , and a mean indexed series was constructed for each species. There were not enough larch or mountain pine individuals in or around the plot to build a site chronology for them, and so chronologies already available in the same valley for these two species were used (Tessier and Edouard 2002) .
Individual chronologies and tree age
An increment core was taken from all the live and dead individuals (991 cores), upslope at a height of 50 cm. All cores were prepared and measured as previously described for site chronologies. Individual series were crossdated against site chronologies for silver fir and Norway spruce; and against available master chronologies in the case of mountain pine and larch, to ensure that the correct calendar year was assigned to each annual ring. This was done using TSAP and COFECHA.
Missing radius was estimated by subtracting predicted core length at the pith location, obtained by means of a graphical procedure, from the core length at the innermost ring (Norton et al. 1989 ). Rings on the innermost part of the core were counted for a segment equal in length to the estimated missing radius; and this number was added to the number of rings in the core to obtain the estimated age of the tree at the coring height. Where the innermost rings showed evidence of abrupt growth change, especially of abrupt growth release, the estimated number of missing rings was derived from the segment of core preceding the abrupt growth change and extended to the whole estimated missing radius using a simple proportion (Motta and Nola 2001) . This method assumes that the estimated missing rings form concentric circles. Individuals with a rotten core and those for which it was impossible to estimate pith location; and thus the number of missing rings were discarded (52, i.e., 5.2%). Trees that were impossible to crossdate (usually suppressed trees), but for which it was possible to estimate pith location, were included for age structure analysis but not in the analysis of growth patterns.
Because silver fir and Norway spruce have a highly variable juvenile growth rate depending on canopy conditions (i.e., open or closed) and competition, we did not adjust the age for the year of establishment. Ages reported for all trees are ages at 50 cm height above the root collar. This choice differentially underestimates age at the root collar, because the postestablishment growth rate of light-demanding earlyseral species like larch and mountain pine is usually faster than those of shade-tolerant mid-and late-seral species like silver fir and Norway spruce (Gutsell and Johnson 2002) . Since the procedures utilized for age estimation can introduce errors into subsequent analyses, age structure was constructed for 10-year classes (Payette et al. 1990 ).
Growth increment patterns
We identified disturbances by detecting releases in radial growth (releases from suppression) in increment cores taken from all trees with diameter >4 cm at 50 cm above ground. We defined a release as having the three following criteria: the increase had to be abrupt, the mean ring width for the 5 years following the change had to be at least 100% greater than the mean ring width for the 5 years preceding the increase, and, finally, the increase had to be sustained, i.e., ring width prior to and following the change, each had to be relatively constant for at least 5 years (e.g., Schweingruber et al. 1990; Parish et al. 1999; Winter et al. 2002) . Only the trees successfully crossdated (639 trees, 64% of the total) were used. We expressed release as a percentage of trees showing release among those that were alive in a given decade. We did not evaluate releases prior to the decade starting in 1820, because the sample depth was too small (<20 trees). Each single decade was analyzed for the percentage of trees involved in releases, and 10-year syntheses and related spatial patterns were constructed.
Spatial patterns
Since we mapped all trees (diameter >4 cm at 50 cm height), we were able to test the spatial autocorrelation using point pattern analysis such as the K(t) statistics (Ripley 1977) . The purpose of point pattern analysis is to establish if a spatial distribution of points is clumped, random, or regular (Camarero et al. 2000) .
To describe the spatial distribution of all the trees, for three age-classes (<75, 75-125, >125) and separately for silver fir and Norway spruce, we used Ripleys's K(t) function, which is based on the variance (second-order analysis) of all point-to-point distances in a two-dimensional space (Ripley 1981) . Indices were calculated using a 1-m step-up to 50 m, that is, half the side of the plot (100 × 100), to limit margin effects.
The observed K(t) measures the degree to which the pattern deviates from random and is defined as follows:
where A is the area of the plot, t is the distance interval, n is the number of trees, and δ ij is the distance between tree i and tree j.
We used a square-root transformation L(t) that linearizes K(t) and stabilizes its variance and has an expected value of approximately zero under the Poisson assumption (Diggle 1983; Moeur 1993; Ripley 1977) :
Monte Carlo simulation was used to assess the significance of deviation from a random distribution by generating 99 random spatial patterns that provided a 99% confidence envelope (Diggle 1983) . For a clustering pattern, L(t) is greater than the envelope; for a random pattern, it is within the envelope; and for a regular pattern, it is below the envelope.
To investigate the relationships between two point patterns (silver fir and Norway spruce, young and old silver fir and Norway spruce, respectively), we examined bivariate spatial interactions using the K 12 (t) function, which is a generalization of K(t) for a bivariate point process (Diggle 1983; Moeur 1993; Upton and Fingleton 1985) . In this case indices were calculated using a 1-m step-up to 25 m.
As the K(t) can be defined as:
where t is the distance, λ is the mean number of events per unit area, and E is the expectation; we can define the K 12 (t) as:
where t is the distance, λ is the mean number of type 2 events per unit area, and E is the expectation (Mast and Veblen 1999 ). An estimator is calculated from the combined distributions of distance from type 1 to type 2, and vice versa (Lotwick and Silverman 1982) :
where n 1 and n 2 are the number of the two class of points per tree. When two groups of tree are spatially independent
The combined patterns may demonstrate spatial attraction, independence, or repulsion. The analysis of the Ripley's K 12 (t) index was made by its transformation in L 12 (t) (Lotwick and Silverman 1982; Moeur 1993) as
To test the significance of the deviation from the null hypothesis of spatial independence, we calculated the 99% confidence intervals from toroidal shifts of one class of trees with respect to the other. Values of L 12 (t) greater, equal, or lower than 99% confidence envelopes indicated positive association (attraction), spatial independence, and significant negative association (repulsion) between the two classes analyzed, respectively (Camarero et al. 2000; Duncan and Stewart 1991) . Attraction is defined as a tendency for trees of the two groups to be closer than would occur, and repulsion is defined as a tendency for trees of the two groups to be farther apart than would occur it they were distributed independently of one another (Peterson and Squiers 1995) . The computing of univariate and bivariate analyses index was made by using SPPA (Haase 1995) .
Finally, age data (trees already established in a given decade) and releases were elaborated chronologically by means of GIS. Maps were made showing the locations of trees with abrupt growth release in the decade and trees not affected by the disturbance. The size of the canopy disturbance in this way is approximate, it does not distinguish between the "actual gap" and the "expanded gap" (Runkle 1982) , and for disturbances that extended beyond the plot boundaries, the reconstruction can show only the part included in the study plot (Winter et al. 2002) . Taking into account these limitations, the maps show detailed information about the spatiotemporal development of the present plot from 1820 to the present.
Historical documents
The studies carried out in the plot were supplemented by an analysis of Forest Management plans (1966 up to the present) and of other documentary archives (e.g., chronicles, diaries, cultural histories, land surveys, maps, plot measurements, weather observations) supplied by the Historical Archives of the Municipality of Bardonecchia. Structural and ecological interpretation based on historical records must be tempered by an appreciation of the limitation inherent in the data (Piussi 1983; Christensen 1989; Axelsson et al. 2002) ; besides, documentary records suffer of a "cultural" filtering that affects their availability, completeness, and reliability (Swetnam et al. 1999) . In spite of these limits, documentary records are a fundamental source of information that can be used to reconstruct the framework of historical human land use in a certain site, including key events that presumably implied conseguences for the forest dynamic (e.g., Foster et al. 1992; Fuller et al. 1998; Motta et al. 2002; Rozas 2003) . The documentary data in this study were mainly used as an independent data source in association with data from biological archives (tree rings). Documentary data can suggest the nature of causal factors for disturbances detected by tree rings (e.g., logging or natural disturbance), explain the reason why after a disturbance there was no regeneration establishment (e.g., grazing or human uprooting), or explain the reason why in absence of disturbances there was a regeneration establishment (e.g., end of grazing or change of grazing regime).
Results
Stand characteristics
The study plot contains 991 trees. Silver fir accounts for 71.4% of the individuals and for 52.8% of the basal area (Table 1 ; Fig. 1 ). Norway spruce accounts for 21.4% of the trees but for 36.0% of the basal area. Larch and mountain pine account, respectively, for 3.5% and 2.8% of the trees and for 6.6% and 4.6% of the basal area. The only broadleaf sporadically represented in the plot is the rowan (Sorbus aucuparia L.). There are only 38 dead standing trees (3.8%) mainly concentrated in the smallest diameter classes. The density of saplings, including suppressed trees with diameter <4 cm at 50 cm above ground, is quite high for such a dense stand, at 5772 individuals. Silver fir accounts for more than 50% of saplings, Norway spruce for 29%, and rowan for more than 15%. The light-demanding mountain pine and larch are sporadic (1.2% and 0.7%, respectively). The incidence of ungulate damage is quite high, and almost half of the saplings (47.8%) are damaged (Table 2) ; there is also a marked difference in the incidence of damage to the different species, ranging from 64.4% for the silver fir to 2.5% for the larch. Browsing is the most frequent type of damage, accounting for damage to 41% of trees.
The forest stand has a multilayered vertical and an exponentially negative diameter distribution (Fig. 2) , but while silver fir follows the diameter distribution of the whole plot, Norway spruce has more irregular diameter distribution with an increase in the medium diameters; mountain pine is mainly represented in the medium-to high-diameter classes (14- Fig. 2 . The dbh size (on the right) and age structure (on the left) for all trees and for the four main species in the Teppas permanent plot. Age structure by 10-year age-classes at 50 cm height for the four species. Values on the x-axis represent the class midpoint.
42 cm), and larch presents two peaks in the smallest diameters (6-14 cm) and in the medium-high diameters (42-54 cm).
Inside the study plot, 322 stumps were identified (Table 1). The advanced decomposition also made it somewhat difficult to distinguish among the species (possible in 73.4% of cases). The stumps present a completely different species distribution compared with the living trees: 42.7% of the stumps are Norway spruce, while silver fir and larch have the same number of stumps, each 22.0% of the total (Fig. 3) .
In almost all of the stumps it was possible to determine that the origin was a cut and not a natural disturbance, but for some stumps (<3%) it was possible to recognize that the origin was a windthrow by means of the shape and of the decayed logs on the ground. All the stumps are highly decomposed, and so it was not possible to take core samples to determine the year of death.
Increment cores
Site chronologies
The silver fir and Norway spruce site chronologies are, respectively, 164 and 182 years long. Mean ring width is smaller in the Norway spruce than in the silver fir, which presents a higher mean sensitivity (Table 3 ; Fig. 4 ).
Individual chronologies and age structure
The establishment of the trees in the present stand began towards the end of the 18th century, but the age structure differs greatly for the four species (Fig. 2) . Silver fir was sporadic in the early decades of the 19th century, but the number increased abruptly at the end of the 19th century and at the beginning of the 20th century. Since then the number of silver fir per decade has been high and stable. Norway spruce shows a similar pattern of establishment, although a greater number were present in the early part of the 19th century; and the increase in numbers at the end of the 19th century, while clear, is less marked than for the silver fir. Numbers began to decrease gradually in the last decades of the 20th century.
Trends in the populations of mountain pine and larch, which are far less numerous, are completely different. Mountain pine established itself in a fairly continuous way over the last two centuries; but was most numerous between 1800 and 1820; becoming sporadic in the second half of the 20th century. The larch, not present until 1870, was at its most numerous at the end of the 19th century, but numbers declined rapidly in subsequent decades.
For all the species, the number of individuals in later decades may be under-represented because of the time needed to reach 4 cm diameter at 50 cm height. Figure 5 shows the percentage composition of different age-classes. Silver fir is the dominant species among trees <100 years, but as age increases, the species gradually decreases to the point where it accounts for only slightly more than 20% of trees >151 years. The opposite trend is seen both in the Norway spruce where Table 3 . Descriptive parameters of the two site chronologies. the higher the age-class, the higher its incidence, and in the mountain pine whose incidence in the <100-year and in the 100-to 150-year classes is sporadic but whose presence is relevant (about 40% of overall individuals) in the age-class >150 years. Larch is not represented in the older age-class, and it is sporadic in the other two. Both for silver fir and for Norway spruce, the relationship between size and age was weak (Fig. 6) as is frequently observed in shade-tolerant species. The growth rate of these two species can vary widely as a function of light and competition between individuals but, in any case, is dependent upon very localized conditions (Antos and Parish 2002) . Comparing the age ranges within the smallest diameter class (4-8 cm) with those in the largest diameter class (diameter at 50 cm height >28 cm) (Fig. 7) , it can be seen that these are so wide as to overlap, and diameter could not be used as an index of age. In contrast, a close correlation was found between diameter and height (Fig. 8) , with growth in previously suppressed trees being comparable to those of individuals recently established and with rapid initial growth. This shows that relatively old understorey silver fir and Norway spruce trees still have a high capacity to tolerate long periods of shading and suppression, and can show a vigorous growth response after release (Schütz 1969; Piussi 1976 ). This capacity for growth after suppression did not depend on the tree age or duration of the juvenile stage (Ferlin 2002) .
The date of mortality of the dead standing trees (Table 1) , obtained by cross-dating against the site chronologies, varies between 1979 and 1997. These trees belong to the intermediate size and age-classes and are therefore the result of a stemexclusion process within groups of trees rather than of mortality linked to the age of mature individuals (Peet and Christensen 1987) .
Pattern of growth increments
The chronologies of 639 individuals (64% of the total) were successfully crossdated. Cross-dating was equally successful for all species but worked best with intermediate and dominant trees and was much less successful with dominated, young, and suppressed trees, for which cross-dating is tentative or impossible (Villalba and Veblen 1997) . There were 374 release events among 312 individuals (Fig. 9) . The frequency of release was nil or scarce between 1820 and the end of the 19th century, ranging between 0% and 4.8%, mainly because in these decades the forest stand was open, and there was enough light and space for the establishment of regeneration. The highest incidence (>10%) of trees showing releases was found in the decades 1930, 1940, and 1960 . As observed in other forest stands studied in the Italian Alps in different altitudinal belts, the main pulse of regeneration establishment occurred between the end of the 19th century and the beginning of the 20th century (Motta and Nola 2001; Motta et al. 2002) . This pulse does not correspond with any major disturbance detected by tree rings and, more in general, the decade-by-decade tallies of establishment show no correspondence with the frequency of growth release (Motta et al. 2002) . Can. J. For. Res. Vol. 35, 2005 Fig. 6. Scatter plots of (a) silver fir diameter and (b) Norway spruce diameter versus age. Equations are the best-fit regression for predicting age (y) from diameter at 50 cm height (x).
Fig. 7.
Number of trees per age-classes for the smallest diameter class (4-8 cm at 50 cm height) and for trees larger than 28 cm at 50 cm height. There is wide overlap between the two categories.
Spatial patterns
Ripley's K(t) showed that stems are significantly clustered at all distances from 1 to 50 m, both for the whole trees and separately for Norway spruce and silver fir and for three age-classes ( Fig. 10; Table 4 ). Repulsion was found only between 0 and 2 m in the oldest trees (>125 years) as an effect of the competition.
Ripley's K 12 (t) was calculated to see the spatial relationships between silver fir and Norway spruce and between young (<50 years) and relatively old trees (>100 years) of the two most represented species; attraction was found between silver fir and Norway spruce in all distance classes; repulsion was found between young silver fir and old silver fir between 3 and 25 m but not between young and old spruces; attraction was found between young silver fir and spruce between 2 and 4 m. Repulsion from young and old Norway spruce was found at only 1 m, whileattraction between young Norway spruce and silver fir was not found (Table 5 ).
The data on tree age and disturbances were used together to reconstruct the development of the Teppas plot from 1820 to the present (Fig. 12) . The oldest trees, already present in 1820 are concentrated in the western part of the plot. Vigorous establishment took place throughout the plot starting from the end of the 19th century. The present population established on the back of a series of smaller, restricted disturbances, such as the cutting of a single tree or group of trees occurring throughout the plot, rather than any single disturbance.
Historical documents
Human activities like wars, industry, pastoralism, and silviculture have been the main forces impacting on forest dynamics in the forest of Teppas.
Wars
Following the Utrecht Treaty (1713), the valley came under the reign of the Savoias. In the years following the treaty for almost a century, the Susa Valley was the site of battles involving the Piedmont, French, and Spanish armies, the worst of which happened in the periods 1740-1750 and 1792-1805. At these times, thousands of soldiers passed through the area to reach postings in the Upper Susa Valley. Local records report large-scale deforestation during their extended stay, carried out both to build forts and to supply fuel for heating and cooking (Peracca 1974) . The two World Wars (1915-1918 and 1939-1945) saw an increase in human activity in the forests, resulting on the one hand from a decrease in consumable goods and on the other to the return of emigrants from France.
Pastoralism
Grazing was the most important human use of forests up to the second half of the 19th century. The first significant decline in the practice came in the last decades of the 19th century with the first wave of emigration. After the Second World War, a further reduction in forest grazing took place, and finally in 1966, following the establishment of the Upper Susa Valley Forest Consortium, strict regulations governing the separation of grazing areas from forest areas were established.
Silviculture
There are no detailed records regarding the type of forest harvesting or silviculture applied to the forests of the municipality of Bardonecchia before the 19th century. From the beginning of the 19th century, public forests were available for controlled use by residents. This meant that while no clearcutting could be carried out in the area, individual trees that were specifically requested by eligible families could be cut. The first official administrative directives, dating to 1882, regulated the removal of dead trees, stumps, leaves and berries, and wood for fuel. In 1925, selection cutting was limited to trees with a diameter greater than 20 cm, and a further limitation fixed a minimum distance of 8 m between trees remaining after cutting (equal to a density of about 156 trees/ha). Until the first half of the 20th century, all interventions were designed to favour the larch, since it was the species that coexisted the best with grazing activities and that generated the most profitable type of wood production (Motta and Dotta 1995) . From 1966 to 1985, the Management Plan provided for "selection cutting mostly of larch and interventions to favour the development of regeneration". Over the past 15 years, policy has adopted a close-to-nature approach to silviculture with the stated goal of favouring natural regeneration of late seral species like silver fir and Norway spruce by applying a single tree or group selection system (Dotta and Motta 2000) .
Industries and other activities
At the beginning of the 19th century, several activities arose that called for the heavy use of wood as a raw material. Later on, between 1857 and 1871, trains increased wood consumption when the Frejus railway tunnel, connecting the Bardonecchia area directly with Turin and with France, was built.
Discussion
The forest of Teppas has been subject to sustained human interference. As in most European and Eastern United States forests, decade-by-decade tallies of recruitment showed little correspondence with growth releases. In forests without heavy human influence, the pattern of growth releases matches with tree establishment, with a variable lag of a few years that depends on the reaction time of the previously suppressed trees and on the time required for new seedlings to establish. Where there do not appear to be such relationships, then some other anthropogenic factor is responsible for preventing, slowing, or otherwise influencing the establishment of new saplings (e.g., McLachlan et al. 2000; Motta et al. 2002) . The changes in composition and structure in the studied plot over the last 200 years have generally been the result of human action rather than of natural disturbances, and forest change has been driven by long-term trends in economic and cultural history rather than by autogenic or allogenic succession (e.g., McLachlan et al. 2000; Motta et al. 2002) . Interpretation of our results must be cautious, since the heavy human impacts on the forest ecosystem have not only altered the type and arrangement of forest structures but also the manner in which the forest functions and reacts to natural processes (Foster 1993) .
Spatiotemporal stand history
The earliest trees in the present stand established at the end of the 18th century under conditions that were quite different from those present today, i.e., in a thin, intensively grazed forest (Table 6 ). For a long period at the end of the 18th century and the beginning of the 19th, tree cutting was probably more intensive than in later decades, to satisfy the requirements of the armies present in the Upper Susa Valley. According to descriptions in the early decades of the 19th century, the Teppas forest was an open larch stand (probably not more than 150 trees/ha) with some mountain pine and Norway spruce. The fact that today there are no larches older than 130 years old thus seems surprising at first, but a lack of trees in a given age-class may be due to a lack of establishment at that time, high mortality rates for trees that established at that time, or even to a combination of these factors (Johnson et al. 1994) . The absence of older larches in the present age structure is in fact due to selective logging over the last century; testified by the large number of larch stumps in the stand (Table 1) .
The period most critical to an understanding of the present forest structure covers the decades from the end of the 19th century to the beginning of the 20th century, when the number of local inhabitants began to decrease. The local population emigrated in large numbers to the Po plain area and abroad; especially those employed in agriculture: the population of the Susa Valley decreased by 40% between 1880 and 1930 (Istituto Nazionale di Economia Agraria 1932). At the same time the communications between Bardonecchia and Torino and Bardonecchia and France improved thanks to the new Frejus railway tunnel. As a consequence, human pressure on the forest, especially its use for grazing, decreased suddenly. Until the end of the 19th century, intensive grazing and other human activity had impeded new forest establishment; and almost completely prevented the establishment of silver fir in the Teppas forest (Fig. 2) , as it had in other valleys in the western Alps (Carcaillet and Brun 2000; Muller et al. 2000; Tinner et al. 2000) . Between the end of the 19th century and the beginning of the 20th, establishment on a massive scale of silver fir and, to a lesser extent, Norway Spruce, began, mainly as a result of the abandonment of the traditional agricultural activities; this trend continued until the end of the 20th century.
Analysis of growth releases for this period indicates there were no events of any great intensity or duration and, more generally, there was no relationship between the frequency of releases and the establishment of regeneration (Figs. 9 and 2). It is thus evident that the weak regeneration up to the end of the 19th century was not caused by a lack of light or space, but by an external factor: grazing by domestic animals. A similar pulse of regeneration in the late decades of the 19th century and in the early decades of the 20th century has been observed in several parts of the Alps and at various altitudes, from the mountain belt to the upper tree limit (Motta and Nola 2001; Motta et al. 2002) .
The Teppas forest gradually became denser in the 20th century; with the result that the most shade-tolerant species, the silver fir, has become the predominant species, overtaking the light-tolerant species, larch and mountain pine, and also the Norway spruce, whose representation in the lower ageclasses has decreased in the last decades (Fig. 2) . Nevertheless, there have been enough small disturbances, i.e., single tree or group selection and (or) small windthrows (Fig. 12) to allow limited but continuous establishment of light-demanding early-seral species like larch and mountain pine, which would not have been possible in a denser forest.
As a result of the stand history, the present structure is multilayered and clumped; patches are formed of individuals of both shade-tolerant species, silver fir and Norway spruce, and are formed of trees of the same age-class (Figs. 10 and 
C indicates a clumped distribution, and R indicates a random distribution. Table 4 . Ripley's L(t) for all the trees, silver fir, Norway spruce, and three age-classes using 99% confidence envelope with a 1-m step. 11). Silver fir regeneration occurs preferentially under the shelter of Norway spruce than under the shelter of the old silver fir individuals, as observed in several other forests in Europe (Bernetti 1995; Tan 1987) . The same regeneration crossing was not observed in the Norway spruce that shows only repulsion with the old individuals of the same species at 1 m (Fig. 11) .
Consequences for forest management
The present stand structure has only come about in the last few decades as a result of recent changes in land use and silvicultural objectives. The main functions of the forest in the past were grazing and, less importantly, wood production. The silvicultural goals pursued favoured the larch over the silver fir and the Norway spruce, until the end of the 19th century and then favoured the silver fir and the Norway spruce over the larch for the last 40 years ( Fig. 2; Table 6 ). As mountain pine has low timber value and is a less widespread species, it was rarely cited in silvicultural historical documents.
The origin of this mixed, multilayered population and most of those like it in the western Italian Alps, is thus very different from that of some populations found in the eastern Italian Alps, where this type of structure has been maintained for centuries by means of a traditional selection system (Susmel 1980; Grassi et al. 2003) . The present structure is, however, ideal to satisfy the demand for ecological and recreational functions in forest ecosystems. The proportion of silver fir to Norway spruce increases stability and improves the process of natural regeneration because of the reciprocal replacement (Norway spruce regenerates better under the shelter of silver fir and vice versa) as shown, even if only for the silver fir under the spruce, in the studied plot (Fig. 11) .
Speculation on the type, frequency, and intensity of the natural disturbances currently operating in this part of the Alps is vain: the only natural disturbances observed in the stand and in its surroundings are gaps of different sizes created by windthrows. Unlike in the 19th and at the beginning of the 20th century, in the recent decades silviculture has attempted to simulate natural forest dynamics and the natural Can. J. For. Res. Vol. 35, 2005 Distance ( process of regeneration of late-seral species. As the study plot is situated at the upper montane belt, the group shelterwood system should be favoured over single tree selection (Ott et al. 1997; Dotta and Motta 2000) , as suggested by the natural clumped attitude of the tree structure ( Figs. 1 and 10 ; Table 4 ). This would also favour the conservation of lightdemanding species, since it appears that light disturbances (small gaps) provide opportunities for larch and mountain pine seedlings to establish and grow; whereas the establishment of fir and Norway spruce regeneration (shade-tolerant species) appeared to be independent of disturbance. The maintentance of a certain proportion of larch is important to the selvicultural stability of populations that were intensively grazed until a few decades ago (Crosignani and Mazzucchi 1996; Dotta and Motta 2000) . The main problem in the application of close-to-nature forestry and the sustainability of the present highly prized multipurpose stand is ungulate impact on forest regeneration. Whilst wild ungulates have a role to play in forest dynamics (Vera 2002) , the present ungulate density could substantially modify regeneration processes and forest structure (Motta 1996) : wild ungulate browsing does not affect all tree species equally, impacting primarily on the silver fir (Senn and Suter 2003) and the rowan (Motta 2003) . A high density of wild ungulates could therefore create an advantage for lessbrowsed and more resilient species, in particular the Norway spruce (Ammer 1996; Augustine and McNaughton 1998; Vila et al. 2003) . Since the density of wild ungulates and especially their seasonal distribution throughout the territory is influenced by humans, present browsing incidence is to some degree caused by human activity and cannot be considered a natural disturbance. In a silvicultural system where regeneration is natural and discontinuous in space and time, only a controlled equilibrium between ungulates and forest regeneration can allow the attainment of the desired results (Motta 1999) .
Global change, the role of land use, and the role of the climate Field data and collected written historical sources suggest that land use has been the main driver of change in the Teppas forest over the last 200 years. However for the same period, changes in the climate have also been recorded (Le Roy Ladurie 1967; Mann et al. 1998 ). The oldest trees in the population established at the end of the Little Ice Age (Grove 1988; Pfister 1980) , while the massive establishment of fir saplings in the 20th century took place during the recent increase in atmospheric temperature (Briffa et al. 1995) . Probably the consequences of climate fluctuations on regeneration and mortality were masked by human activity, which had a far greater impact, and the present structure and composition of the Teppas population still reflect the influence of human activity in past centuries. If the present climate trends continue, however, they could have a substantial and discernible role in structure and composition changes in the near future (Bugmann 1997; Dirnböck et al. 2003; Hansen et al. 2001; Theurillat and Guisan 2001) .
